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(57) Abstract 

An oxygen sensor arrangement (1), based upon' galvanic fuel cell technology, consisting of a measuring (2) and a monitoring (3) 
element, whereby the monitoring element (3) is designed, by virtue of a reduced surface area of monitoring anode material, to fail before 
the measuring element The premature failure of the monitoring element providing an ability, at points determined by suitable .electronic 
comparator circuits, to alert the user to the impending failure of the measuring element and/or disable the measuring element, before the 
measuring element itself fails. 
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DESCRIPTION 

This invention relates to an oxygen sensor, in particular to an oxygen sensor based on 
Galvanic Fuel Cell technology. 

Oxygen sensors are used to monitor the concentration of atmospheric oxygen in a 
variety of clinical, industrial and commercial applications. One clinical application is 
the monitoring of oxygen in incubators for prematurely-born infants. Failure to maintain 
the correct partial pressure of oxygen in such an environment can lead to the patient 
being over- or under-oxygenated. 

The effects of hypoxia and hyperoxia may be extremely serious, especially in premature 
infants, eg leading to brain damage and retinopathy respectively. 

Fuel cell technology has been used as the basis of oxygen measurement in clinical 
applications for many years. Fuel cells offer an easy design solution, providing 
development engineers with a transducer that offers a small electrical signal directly 
proportional to the partial pressure of oxygen in the gas under measurement. 

The Fuel cell is an electrochemical transducer or energy converter. The fuel cell, in the 
case of an oxygen sensor, is oxygen without which the cell will not operate. The fuel 
cell operates on the principle that oxygen is reduced at the sensing electrode, resulting 
in the generation of a current directly proportional to the number of oxygen molecules 
present in the electrolyte. The flow of oxygen molecules is controlled be a semi-porous 
plastic membrane. The rate of diffusion through this membrane is proportional to the 
partial pressure differential across it. Once diffused, the oxygen molecules dissolve 
into the electrolyte solution and migrate to the surface of the sensing electrode where 
they become absorbed to form an activated species capable of undergoing reduction. 
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Most commonly, the anode material is lead, in which case the general cell reactions 
are: 

Sensing electrode (cathode) 

4e + 2H 2 0 + 0 2 40H" 

Counter electrode (anode) 

4 OH' + 2Pb 2PbO + 2H 2 0 + 4e* 

Overall cell reaction 

2Pb + 0 2 2PbO 

As a result of the oxidisation of Pb (anode material), four electrons are generated for 
every molecule of oxygen. These four electrons are then utilised for the reduction of 
oxygen at the cathode. It is this flow of electrons from one electrode to the other that 
constitutes an electric current. In the absence of oxygen, no oxidisation can take place 
and no current is produced. 

Oxygen sensors of the type described above suffer from the disadvantage that 
oxidation of the lead anode is not reversible, and when insufficient surface area 
remains for further oxidation, electron flow cannot be maintained. This causes the fuel 
cell to provide an output that is no longer proportional to the partial pressure of oxygen 
and therefore can no longer be relied upon. The period over which this erratic 
phenomenon occurs is dependant upon a number of factors including the way in which 
the anode is constructed. 

Commonly, two or more substantially equivalent, independent sensors are used in 
combination to provide measurement and monitoring signals to the host equipment. 
Whereby the depletion of one of the cells outputs is used by the host equipment to 
provide the user with an indication that the measurement signal is no longer reliable. 
However, this results in notification to the user only after the period of unstable output 
has occurred and after one of the sensors has failed. Because the sensors are 
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inherently substantially equivalent and are experiencing identical environmental 
conditions and oxygen concentrations it not determinable which sensor will fail first. 

There has now been devised an improved form of oxygen sensor which can overcome 
or substantially mitigate the above mentioned disadvantage. 

According to the invention, there is provided an oxygen sensor comprising a measuring 
element and a monitoring element, each of which comprises a cell containing a cathode 
and an oxidisable anode, the cell having a membrane permeable to atmospheric 
oxygen, wherein the monitoring element is arranged to become depleted before the 
measuring element. 

The oxygen sensor according to the invention is advantageous primarily in that 
depletion of the monitoring element provides an early warning of depletion of the 
measuring element, enabling the sensor to be replaced before such depletion of the 
measuring element. This significantly reduces the possibility of host equipment 
receiving a 'measuring' signal from a sensor or element of a sensor that is in its 
depletion phase and hence significantly reduces the attendant risk of hypoxia and 
hyperoxia. 

Preferably, an electronic comparator circuit is provided to compare the output voltage 
of the measuring element and the monitoring element. The difference is preferably 
amplified and fed to comparators. Most preferably, a voltage difference of more than 
a first predetermined amount (eg a difference of more than 4%) triggers a visual or 
audio alarm, such as a warning lamp and/or a buzzer, to indicate to the user that the 
monitoring element is in depletion phase and that depletion of the measuring element 
is also therefore imminent. If the difference exceeds a (greater) second predetermined 
» amount (eg 8%) then the control circuitry may entirely disable the apparatus. 

Thus according to another aspect of the invention there is provided a method of 
monitoring the integrity of an oxygen measuring element comprising a cell containing 
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a cathode and an oxidisable anode, the cell having a membrane permeable to 
atmospheric oxygen, which method comprises:- 

a) providing a monitoring element similar to the measuring element but arranged 
to become depleted before the measuring element, and 

b) comparing the output voltages of the measuring element and the monitoring 
element. 

The monitoring element may be arranged to become depleted before the measuring 
element by virtue of the monitoring element anode having a smaller surface area than 
that of the measuring element. For instance, relative to the measuring element anode 
the surface area of the monitoring element anode may be between 80% and 98%, more 
preferably between 90% and 98%, eg. about 95% for fuel cells designed to have a life 
expectancy of 400 000 oxygen percentage hours. 

Where the measuring element and monitoring element cells differ in the surface area 
of the anode, they are preferably identical in all other respects such as the nature of 
the cathode, permeable membrane, electrolyte etc. 

The anodes of the measuring element and the monitoring element are preferably of 
lead. The cathodes of the measuring element and the monitoring element are 
preferably of gold. 

All components of the measuring element and the monitoring element, including the 
electrolyte, are preferably independent. Separation of the electrolytes of the two 
elements ensures that, during depletion of the monitoring anode, its cathode cannot 
derive ion flow from the measuring anode. 

The measuring element and the monitoring element are preferably housed within a 
single unit, though they may alternatively be separate units mounted independently 
within the oxygenated environment. 
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The invention will now be described in greater detail, by way of illustration only, with 
reference to the accompanying drawings, in which:- 

Figure 1 shows a schematic sectional side view of an oxygen sensor according to the 
invention; 

Figure 2 shows schematically the outputs of the sensor of figure 1 during prolonged 
usage; and 

Figure 3 shows an electronic comparator circuit in conjunction with the sensor of figure 

1. 

Referring first to figure 1, an oxygen sensor for use in clinical applications, eg in 
controlling the oxygen partial pressure in an incubator for premature babies, is 
generally designated (1). 

The sensor (1) is divided into two compartments (2,3) by an internal barrier (4). Each 
compartment (2,3) constitutes a fuel cell and contains an identical gold cathode (5,6) 
and a lead anode (7,8). The cells (2,3) are filled with identical electrolyte solutions and 
have identical oxygen-permeable membrane windows (9,10) adjacent to the respective 
cathodes (5,6). 

The cells (2,3) are identical save that the anode (8) of the right-hand (as viewed in 
figure 1) cell (3) has a surface area which is 95% that of the anode (7) of the left-hand 
cell (2). In use, oxygen molecules diffuse through the membranes (9,10), dissolve in 
the electrolyte and migrate to the surface of the respective cathodes (5,6) where they 
undergo reduction. The cell reactions are as given above and reduction of the oxygen 
is accompanied by oxidation of the lead anodes (7,8). 

Initially, the rate of reaction in both cells (2,3) is the same and the output voltages of 
the cells (2,3) are substantially the same. However, after prolonged use the surfaces 
of the lead anodes (7,8) become progressively oxidised and the area available for 
further oxidation becomes depleted. In these circumstances, flow of electrons across 

Page 5 



J WO 96/35944 rcTrtiJWWOlUU 

the. cells (2,3) cannot be maintained. The output voltage of the cells (2,3) falls even 
where the oxygen concentration is constant. 

Because the surface area of the anode (8) of the right-hand cell (3) is less than that of 
the left-hand anode (7), the anode (8) becomes depleted sooner than the other anode 
(7). Figure 2 shows typical plots of output voltage against time for the two cells (2,3) 
at constant oxygen partial pressure. Initially, the output voltages are adjusted, through 
compensation resistance where this is necessary, to be substantially equal and 
constant. When depletion of the right-hand anode (8) occurs, the output voltage (V R ) 
falls sharply (broken line in figure 2), as does the output voltage (V L ) of the left-hand 
cell (2) a short time later. 

In the sensor (1) according to the invention, the left-hand cell (2) is used to measure 
the oxygen partial pressure in, for example, an incubator for premature babies. The 
rate of diffusion of oxygen through the membrane (9), and hence the output voltage of 
the cell (2) is proportional to the oxygen partial pressure within the incubator. The 
right-hand cell (3) is used to check the integrity of the measured oxygen partial 
pressure. 

As shown in figure 3, the outputs of the cells (2,3) are fed to an amplifier (31 ) and the 
difference or error (e) is calculated. The error voltage is fed to a series of comparators 
(32,33) which compare the error (e) to a preset value, eg 4% of the amplified output of 
the left-hand cell (2). If the error (e) is less than the preset value then the output 
voltage V R is used to control supply of oxygen to the incubator. Should the error (e) 
exceed the preset value than a lamp (34) is illuminated to indicate that depletion of the 
right-hand cell (3) has begun and depletion of the left-hand cell (2) is imminent. The 
user should at this point replace the sensor. If this is not done then the error (e) 
increases until a second preset value is reached (eg e= 8%) at which the comparator 
(32) actuates a switch (35) which disables the sensor (1). The sensor (1) is thus 
useable whilst the error (e) is less than the first preset value. When that limit is 
exceeded (at the time t^ shown in figure 2) a warning is given to the user, but the 
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sensor (1) remains operational for a short period until a time t off (see figure 2) at which 
the error (e) exceeds the second preset value. 
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1 . According to the invention, there is provided an Oxygen sensor arrangement 
comprising of a measuring element and a monitoring element, each of which 
comprises a cell containing a cathode and an oxidisable anode, the cell having 
a membrane permeable to atmospheric oxygen, wherein the monitoring element 
is designed to become depleted before the measuring element. 

2. An oxygen sensor as claimed in Claim 1 , wherein the monitoring element anode 
has a smaller surface area than that of the measuring element. 

3. An Oxygen sensor arrangement as claimed in Claim 1 wherein, the measuring 
and monitoring element are housed independently in separate units for mounting 
within the same oxygenated environment. 

4. An Oxygen sensor arrangement as claimed in Claim 1 or Claim 2 or Claim 3 
wherein, the failure of the monitoring element, through means of a suitable 
electronic comparator circuit, indicates to the user, at a predetermined point, the 
impending failure of the measuring element. 

5. An Oxygen sensor arrangement as claimed in Claim 1 or Claim 2 or Claim 3 or 
Claim 4 wherein, the failure of the monitoring element, through means of a 
suitable electronic comparator circuit, disables the output of the measuring 
element at a predetermined point. 

6. According to another aspect of the invention there is provided a method of 
monitoring the integrity of an oxygen measuring element comprising a cell 
containing a cathode and an oxidisable anode, the cell having a permeable • 
membrane to atmospheric oxygen, wherein the monitoring element is similar to 

the measuring element but arranged to become depleted before the measuring 
element. 
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7. . Ap Oxygen sensor arrangement as claimed in Claim 6 wherein, the output 
voltages of the measuring element and monitoring are compared. 

8. An oxygen sensor arrangement substantially as described herein with 
references to Figures 1 - 3 of the accompanying drawing. 
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